Raw data is available for download at Bioproject number PRJNA362725 on NCBI, under the following ID: 362725.

Introduction {#sec001}
============

Schistosomiasis is a chronic, parasitic disease caused by trematode worms of the genus *Schistosoma*. At least 230 million people are infected by species of Schistosoma, and require treatment for schistosomiasis, worldwide every year. Schistosomiasis transmission has been reported in 77 countries, 52 of which are at the highest risk for infection. The disease is prevalent in tropical and sub-tropical areas, and especially in poor communities without access to clean water and adequate sanitation \[[@pone.0178829.ref001]\]. It is estimated that at least 90% of infected people requiring treatment for schistosomiasis live in Africa. In Brazil, *S*. *mansoni* is the prevalent species causing the chronic intestinal form of the disease and, at least, 25 million individuals live at risk of infection \[[@pone.0178829.ref002],[@pone.0178829.ref003]\]. During its life cycle, *S*. *mansoni* establishes complex relationships with snails from the genus *Biomphalaria*, intermediate host, and its definitive mammalian hosts, which includes humans.

That *S*. *mansoni* schistosomula only begin to increase in biomass when they reach the vascular portal system of the definitive host was reinforced by evidence that individuals trapped in the pulmonary blood vessels remain immature for months after infection. In contrast, those that reach the portal system grow exponentially \[[@pone.0178829.ref004]\]. After this finding, it was shown that, when directly inoculated into the portal vein of the host, *in vitro* transformed schistosomula started egg laying around seven days prior to that of parasites derived from natural transcutaneous infection \[[@pone.0178829.ref005],[@pone.0178829.ref006]\]. This period of 7 days corresponds to the time needed for schistosomula to migrate from skin to the liver-portal system, while passing through the lungs, during natural transcutaneous infection \[[@pone.0178829.ref007]\]. A subsequent study elicited a significant increase in cell proliferation of schistosomula derived from mice, after they were cultured in the presence of human portal serum, compared to the parasite of the same larval stage cultured in presence of human peripheral serum \[[@pone.0178829.ref008],[@pone.0178829.ref009]\]. These findings suggest potential relationship with the presence of some constituent of the portal serum, which is absent in the peripheral serum. However, no specific molecule(s) was (were) indicated as responsible for the findings of the aforementioned studies.

The rate of growth and the cellular differentiation achieved by the parasite when it reaches the host liver portal blood system represents an attractive target for study, since controlling these processes may provide effective ways to prevent the progression of the disease to a severe form. Differentially expressed genes important for processes like host percutaneous penetration by cercariae, migration of intravascular forms of the parasite and, mating of adult worms within the host portal system, have already been explored for the development of approaches with new drugs, with the aim of treating schistosomiasis effectively \[[@pone.0178829.ref010]\].

A recent study \[[@pone.0178829.ref011]\] showed that among all the genes expressed by *S*. *mansoni*, only a small set of 38 are differentially expressed when the schistosomula mechanically transformed \[[@pone.0178829.ref012]\], compared to those that are skin transformed\[[@pone.0178829.ref013]\], which means that they are transcriptionally equivalent. This finding validates the results of previous gene expression studies where mechanically transformed schistosomula were used as representative of those transformed in the skin.

Current knowledge regarding cellular and molecular mechanisms that govern host-parasite interactions may be applied to the discovery of new drugs or vaccines that are effective against early stages of this parasite. In the present work, we used an Applied Biosystems SOLiD system NGS to study transcriptomes of schistosomula from *S*. *mansoni*, in order to identify differentially expressed genes which can be related to parasite development in the host portal system.

Materials and methods {#sec002}
=====================

Biological material {#sec003}
-------------------

All schistosomula used in the present study were obtained through *in vitro* mechanical transformation from *S*. *mansoni* cercariae of the LE strain. Both, peripheral and portal sera were obtained from hamsters---*Mesocricetus auratus*, golden strain, grown in vivarium of the Rene Rachou Research Center---Oswaldo Cruz Foundation (CPqRR/FIOCRUZ). Oswaldo Cruz Foundation Ethic in Animal Use Committee (CEUA/FIOCRUZ) granted the license for animal use, under the register number: LW42/10.

Hamster serum {#sec004}
-------------

Hamster peripheral serum was obtained through heart puncture next to left coronary artery. On average, 4 ml of peripheral blood was withdrawn from each animal, which yielded about 1.5 ml of serum. Portal serum was obtained after dissection and puncture of the portal vein of different animals than those used for peripheral blood sampling. The maximum volume withdrawn from this puncture was 1 ml of blood; this smaller volume was taken to assure that only portal blood was collected, without dilution with peripheral blood. Prior to both withdrawal procedures hamsters were anaesthetized with an intraperitoneal injection of 40mg/kg sodium thiopental (Thiopentax---Cristalia). The whole blood was left for 1 hour at room temperature to coagulate prior to serum being obtained by centrifugation at 850 x g for 5 minutes, followed by aspiration of the red blood cell free supernatant. The serum was then heated at 56°C for 30 minutes to inactivate the blood complement system. Portal blood from 35 hamsters was combined to compose a serum sample, which was used to supplement media of all schistosomula cultures. Likewise, for the peripheral serum, blood from 15 hamsters was combined. Samples with a final volume of approximately 20 ml for each serum were obtained from every repetition of blood withdrawal.

Cercariae transformation and culture of schistosomula {#sec005}
-----------------------------------------------------

Schistosomula were obtained through mechanical transformation of cercariae, as previously described \[[@pone.0178829.ref014]\], using the LE strain of *S*. *mansoni*. Schistosomula were cultured at 37°C in an atmosphere of 5% CO~2~, on MEM-HEPES medium (12,5g/L Glasgow Minimum Essential Medium---Sigma Aldrich, catG6148; 20mM HEPES---Sigma Aldrich, catH3375; 0.1% hydrolyzed Lactalbumin---Sigma Aldrich, cat61300; 0.1% anhydrous glucose Merck Millipore, cat346351; 0.5μM hypoxanthine---Sigma Aldrich, catH0888; 1μM hydrocortisone---Sigma Aldrich; 0.5% of 100x MEM Vitamin solution---Sigma Aldrich, catM6895; 1% Penicillin-Streptomycin mix---Sigma Aldrich, catP4333), supplemented with 10% (v/v) of hamster peripheral or portal serum.

Parasites were cultured in four different conditions: SPE3H --schistosomula incubated in peripheral serum for 3 hours; SPE12H --schistosomula incubated in peripheral serum for 12 hours; SPO3H --schistosomula incubated in portal serum for 3 hours; and SPO12H --schistosomula incubated in portal serum for 12 hours. Limited by the amount of peripheral and portal serum available, every individual repetition of the culture experiment used, four plates of 6 wells, with 6 ml of MEM-HEPES medium supplemented with 10% sera (v/v) per well. Each well had 4.0E+03 mechanically transformed schistosomula, so that each sample for RNA extraction, library construction and sequencing had 9.6E+04 schistosomula of a specific culture condition.

RNA extraction and rRNA depletion {#sec006}
---------------------------------

After each respective culture time (SPO3H, SPE3H, SPO12H and, SPE12H), parasites were collected and washed twice with MEM-HEPES medium and immediately submitted to RNA extraction. Total RNA extraction and isolation was performed with TRIzol Reagent (Invitrogen, cat15596-026) and, RNeasy (Qiagen, cat74106), with a final treatment with DNAse Turbo (Ambion, catAM1907), all according to the procedures recommended by manufactures. The rRNA was depleted using RiboMinus Eukaryote Kit for RNAseq (Invitrogen, cat10837-08). Before rRNA depletion, mRNA quality was verified by measuring rRNA integrity through capillary electrophoresis in a Bioanalyzer 2100 (Agilent, catG2939AA), employing RNA 6000 Pico Reagents (Agilent, cat5067-1514). Quantitation of mRNA was assessed by using a Qubit 2.0 Fluorometer (Life Technologies catQ32866) and a Qubit RNA Assay Kit (Invitrogen catQ32852) for RNA samples, according to the protocol recommended by the manufacturer.

Preparation of cDNA libraries and sequencing {#sec007}
--------------------------------------------

RNA sequencing was performed using a SOLiD Total RNAseq system Kit (Applied Biosystems, cat4445374), following the procedures recommended by the manufacturer. After reverse transcription using random primers, the synthesized cDNA molecules were size-selected for fragments between 150 and 250 bp, and quantified with a Qubit 2.0 Fluorometer (Life Technologies catQ32866). The cDNA was diluted to a final concentration suitable for monoclonal amplification by emulsion-PCR, while copies of template molecules were attached to beads. Beads were deposited onto slides upon which the sequencing reactions, as well as washing steps, were performed automatically in the 5500 SOLiD platform. The 5500 SOLiD sequencer was used to read short DNA sequences (50nt long), from the DNA attached to the beads with 50 rounds of oligonucleotide annealing and ligation (five different primers, 10 sequential ligations per primer).

Mapping {#sec008}
-------

Reads in color-space format were mapped against the fifth version of the *S*. *mansoni* reference genome \[[@pone.0178829.ref015]\], using Bowtie aligner \[[@pone.0178829.ref016]\] with adjusted parameters \[[@pone.0178829.ref011]\]. Reads that mapped to ribosomal and globulin sequences were excluded from further analysis; only uniquely mapped reads were considered and used for downstream analysis.

Differential expression {#sec009}
-----------------------

Differential expression was assessed by using transcript abundance count tables as input to the DESeq2 package \[[@pone.0178829.ref017]\] in the R environment \[[@pone.0178829.ref018]\]. Differentially expressed transcripts were analyzed among replicates of the libraries generated from the 3 hour cultures against those of the 12 hour cultures of the same serum (peripheral or portal). Transcripts with adjusted *P values* lower than 0.05 were considered differentially expressed. In the final list of differentially expressed transcripts, one was considered up-regulated only if they exhibited a Log2Change fold higher than 1, and down-regulated if Log2Change fold was lower than -1 \[[@pone.0178829.ref019]\].

Gene ontology (GO) enrichment analyses {#sec010}
--------------------------------------

GO enrichment analysis was performed with Blast2GO, software available at <https://www.blast2go.com/blast2go-pro/download-b2g>.

Validation of differentially expressed genes by real time polymerase chain reaction (RT-qPCR) {#sec011}
---------------------------------------------------------------------------------------------

The relative expression of a subset of the genes found deferentially expressed between SPO3H and SPO12H was determined with RT-qPCR. Primer 3 software \[[@pone.0178829.ref020]\] was used to design the primers and probes for each gene. The oligos were acquired from Thermo Fisher Scientific (Custom TaqMan Gene Expression Assay), Brazil (sequences available in [S1 Table](#pone.0178829.s001){ref-type="supplementary-material"}). First strand cDNA was synthesized from 1μg of total RNA samples by using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Brazil---cat4368814) according to the manufacturers recommendations. The qPCR reactions were performed using a ViiA 7 Real-Time PCR System, with 384-well block equipment and TaqMan Universal PCR Master Mix (Thermo Fisher Scientific). Primer efficiencies were calculated using 10-fold dilutions of a freshly transformed schistosomula cDNA. The gene for cytochrome oxidase subunit 1 (COX1) was used as a control for relative expression of a given gene through the calculation of the delta-cycle threshold (Ct). Freshly transformed schistosomula, without additional culture or contact with portal or peripheral serum, were used as a control for culture condition. The delta-delta-Ct method was used to calculate the fold change of expression of a target gene between the delta-Ct of the experimental conditions (SPO3H and SPO12H) and the control condition (schistosomula freshly transformed). The fold change values obtained are means of three biological replicates.

Results {#sec012}
=======

Parasite culture and RNA isolation for library preparation {#sec013}
----------------------------------------------------------

The mechanically transformed schistosomula were inspected for the presence of tails or cercariae remaining from the transformation procedure; only preparations with less than 5% of this contamination were cultured in presence of hamster sera. Under light microscopy, the schistosomula cultured in presence of peripheral and portal serum appeared similar. Approximately 80,000 schistosomula were obtained from each preparation, which yielded around 5--8μg of total RNA. The amount of mRNA needed to construct each library was obtained from material of at least two preparations, with the rRNA integrity having been checked by capillary electrophoresis (BioAnalyzer 2100, Agilent Technologies).

Sequencing {#sec014}
----------

Approximately 15 million of 50 nt short reads generated for each library were mapped against the fifth version of the *S*. *mansoni* genome. [Table 1](#pone.0178829.t001){ref-type="table"} summarizes the number of reads filtered at different levels. Unmapped reads, as well as those mapped against ribosomal or transporter RNA sequences in the reference genome were excluded. Only reads mapped once at the genome, and with high scores of alignment, were considered for analysis. Since for each sample, approximately 15 million of 50 nt reads were correctly mapped, they covered about 45.5x the predicted transcriptome of *S*. *mansoni* \[[@pone.0178829.ref015]\].

10.1371/journal.pone.0178829.t001

###### Summary of filtering of RNASeq reads.

![](pone.0178829.t001){#pone.0178829.t001g}

  Sample   Replicate   SOLID ID     Processedreads   Mapped reads
  -------- ----------- ------------ ---------------- ----------------------
  SPO3H    1           SPO_3H0      22,593,851       12,862,079 (56.93%)
           2           SPO_3H1      44,195,718       16,449,088 (37.22%)
           3           SPO_3H2      39,039,144       14,601,483 (37.40%)
  SPO12H   1           SPO12_12H0   21,124,149       12,570,187 (59.51%)
           2           SPO12_2H1    40,505,621       14,860,486 (36.69%)
           3           SPO12_12H2   36,698,989       13,448,911 (36.65%)
  SPE3H    1           SPE_3H0      23,249,600       13,588,324 (58.45%)
           2           SPE_3H1      45,458,544       17,539,615 (38.58%)
           3           SPE_3H2      43,185,497       16,955,168 (39.26%)
  SPE12H   1           SPE12_12H0   23,509,190       13,667,938 (58.14%)
           2           SPE12_2H1    40,341,711       16,303,097 (40.41%
           3           SPE12_12H2   44,680,174       17,471,587 (39.10%)
                                    Mean             15,026,496.9(44.86%)

SPO3H---schistosomula cultured for 3 hours in portal serum; SPO12H---schistosomula cultured for 12 hours in portal serum; SPE3H---schistosomula cultured for 3 hours in peripheral serum; SPE12H---schistosomula cultured for 12 hours in peripheral serum;

The raw sequence data was uploaded in the Sequence Read Archive (SRA) of the National Center for Biotechnology Information (NCBI), and is fully available under the Bioproject number PRJNA362725 and the ID number 362725.

Genes differentially expressed between SPO3h and SPO12h {#sec015}
-------------------------------------------------------

After mapping the short reads with Bowtie, alignments were computed in order to generate a count table with 11.844 rows representing all the transcripts annotated in the 5.0 version of the genome of *S*. *mansoni* \[[@pone.0178829.ref015]\]. We found 11,103 transcripts with detectable expression in at least one of the samples. Correlation analysis produced high values for Pearson's coefficient and Spearman's rank correlation for all possible paired combinations, which confirmed the high degree of similarity among the samples ([Fig 1](#pone.0178829.g001){ref-type="fig"}). Through the ggplot package in R environment, multiple scatter plots were constructed facilitating pairwise comparisons of gene expression levels between the libraries ([Fig 1](#pone.0178829.g001){ref-type="fig"}) with their respective Pearson's coefficient.

![Similarity between schistosomula cultured for 3hours (SPO3h) and for 12hours (SPO12h) in the presence of hamster portal serum.\
Pearson's correlation coefficients for gene expression values were high for all paired samples.](pone.0178829.g001){#pone.0178829.g001}

Once the high correlation among samples of all the conditions was confirmed, differential expression analysis was performed with the DESeq2 package \[[@pone.0178829.ref017]\], also in the R environment. One hundred three transcripts differentially expressed between SPO3h and SPO12h were identified (adjusted *p value* \< 0.05). Sixty five transcripts were up-regulated (change fold \> 1), and thus highly expressed after 12 hours of culture, while 38 were down-regulated (change fold \< 1), and therefore minimally expressed after 12 hours. A graphical representation of the general gene expression (MA plot) is shown in [Fig 2](#pone.0178829.g002){ref-type="fig"} (change fold in logarithmic scale *versus* global average of the normalized count of reads). The complete list of change fold values of the transcripts and their respective adjusted *p-values* are provided in [S2 Table](#pone.0178829.s002){ref-type="supplementary-material"}.

![Differential gene expression between SPO3h and SPO12h.\
The MA plot of mean expression, that is the average of counts normalized by size factor (x-axis) plotted against Log2change fold 9y-axis), between schistosomula SPO3h and SPO12h (adjusted p-value \< 0.05). Transcripts with positive Log2Change fold are up-regulated in schistosomula after 12hours of exposure to hamster portal serum, and those with negative Log2Change fold are up-regulated after 3hours exposure to the portal serum. The red spots represent transcripts with p-values \< 0.1, as default.](pone.0178829.g002){#pone.0178829.g002}

The list of 103 differentially expressed genes was further filtered by a second list of genes also differentially expressed in a similar comparison between schistosomula cultured in the presence of hamster peripheral serum for the same period of time, 3hours (SPE3H) and 12hours (SPE12H). Genes present in both lists were excluded from the analysis. Thus, 58 genes were finally considered exclusively expressed in portal, but not in peripheral serum.

A subset composed of 17 genes (change fold \> 1 or \< 1) were also evaluated with qPCR ([Table 2](#pone.0178829.t002){ref-type="table"}). According to current annotation, these genes are involved in membrane transport, response to stress, signaling, cytoskeleton development, and protein and nucleotide synthesis, among others. The fold change values from both methods exhibited, at the 95% confidence level, the same tendency of up- or down-regulation for15 of the 17 genes (Smp024390.1, Smp157070.1, Smp134570.1, Smp130260.1, Smp083080.2, Smp089000.1, Smp103560.1, Smp079230.1, Smp019060.1, smp042790.1, Smp079420.1, Smp007070.1, Smp136310.1, Smp145540.1 and, Smp175790.1). Only two genes (Smp027990.1 and Smp177040.1) presented discordant tendency of expression between the methods of RNAseq and qPCR.

10.1371/journal.pone.0178829.t002

###### Subset of genes differentially expressed in schistosomula cultured of 12hours in portal serum by RNASeq.

![](pone.0178829.t002){#pone.0178829.t002g}

  Gene identifier   Description                                      Adj. P-value   Fold Change
  ----------------- ------------------------------------------------ -------------- -------------
  Smp_157070        cysteine rich with egf domains protein           1.67E-03       2.76
  Smp_134570        hypothetical protein                             2.10E-05       2.7
  Smp_024390        microsomal signal peptidase 25 kDa subunit       4.02E-03       2.64
  Smp_130260        hypothetical protein                             6.41E-03       2.6
  Smp_177040        gpi mannosyltransferase 2                        9.39E-04       2.16
  Smp_083080        Activator of 90 kDa heat shock protein ATPase    1.10E-04       2.12
  Smp_027990        homeobox protein nk 2                            5.74E-03       2.11
  Smp_089000        translocon associated protein subunit delta      2.73E-02       2.05
  Smp_103560        hypoxanthine guanine phosphoribosyltransferase   4.27E-02       2.05
  Smp_079230        immunophilin FK506 binding protein FKBP12        4.68E-02       2.03
  Smp_079420        ankyrin repeat domain containing protein 42      5E-02          2.02
  Smp_042790        dolichol phosphate mannosyltransferase           5E-02          2.02
  Smp_019060        sec61 beta subunit                               1.67E-03       2.01
  Smp_136310        sodium bile acid cotransporter                   2.85E-02       0.49
  Smp_007270        Smoothelin                                       4.34E-03       0.49
  Smp_175790        phospholipid translocating ATPase                7.63E-04       0.42
  Smp_145540        muscarinic acetylcholine receptor                7.16E-04       0.34

Differentially expressed genes with adjusted p-value \<0.05.

[Fig 3](#pone.0178829.g003){ref-type="fig"} compares the fold changes generated by the RNAseq and qPCR analyses for the 17 genes. Pearson's coefficient (*p-value* \<0.05), between each assay, indicates a strong correlation (0.86), as 15 of the 17 targets were in agreement with the direction of the change fold.

![Relative expression of a subset of genes as determined by RNASeq and qPCR assays.\
Bar plots of Log2ChangeFold of the subset of genes chosen to validate the RNASeq (red) pattern of expression by using qPCR (blue). The Pearson's coefficient, at a 95% confidence level is shown on the graph and illustrates the gene expression assessed by both methods. The scatter plot shows the strong correlation of gene expression calculated by the two methods (Pearson's correlation = 0.86, p-value \< 0.001). The solid line is the linear regression adjusted to the points of correlation; the dashed line represents a correlation where x = y.](pone.0178829.g003){#pone.0178829.g003}

Discussion {#sec016}
==========

Schistosomula have been used in transcriptome studies since the era of DNA microarrays \[[@pone.0178829.ref010], [@pone.0178829.ref021], [@pone.0178829.ref022]\], and until more recent times when NGS techniques \[[@pone.0178829.ref011], [@pone.0178829.ref023], [@pone.0178829.ref024]\] are used. These studies compared gene expression among schistosomula submitted to different lengths of time of culture and at different lifecycle stages of the parasite, but none of them attempted to simulate the intravascular condition of a vertebrate host. In one study in this sense \[[@pone.0178829.ref025]\], the pattern of gene expression of schistosomula cultured for 3 hours in presence of erythrocytes of a vertebrate host was compared to those kept for 5 days in presence of these cells. By using a DNA microarray containing 12,166 sequences of different *S*. *mansoni* contigs, the authors inferred the main changes in gene expression were result of ontologies related to blood feeding, cell adhesion, cytoskeletal development and stress response.

In the present work we investigated transcriptional changes that occur during a specific stage of the *S*. *mansoni* life cycle, the schistosomula, when it reaches the portal venous system of a mammalian host. Two particular time periods were selected for this study, which represent the early contact of the parasite with an important constituent of the portal venous system, the serum and its soluble molecules. In this location, it is well known that the parasite has experiences a tremendous increase in biomass followed by development into the mature stage \[[@pone.0178829.ref004],[@pone.0178829.ref006]\]. Once in the adult stage, parasites mate and the female starts laying eggs, which is essential in determining several aspects of the pathogenesis of schistosomiasis. This work aimed to identify the genes potentially associated with the morphological changes that occur during development of this last stage of this parasites life cycle.

We were able to identify differentially expressed genes between 3 hours and 12 hours of incubation within hamster portal serum. A high degree of similarity in gene expression among libraries of the same condition was observed, which strengthens the findings reported in this manuscript. Features of the Gene Ontology (GO) hierarchy of differentially expressed genes highlighted terms such as membrane transport, response to stress, signaling, cytoskeleton development, protein and nucleotide synthesis, among others which, coupled with the literature concerning parasite growth, are discussed as follows.

Surface membrane {#sec017}
----------------

In newly transformed schistosomula, the ability to modify the surface membrane through acquisition of host molecules represents the formation of a host-parasite interface, at which skin-derived factors may stimulate internal membrane receptors to drive important actions of parasite development and facilitate escape from the host immune system \[[@pone.0178829.ref026], [@pone.0178829.ref027], [@pone.0178829.ref028], [@pone.0178829.ref029], [@pone.0178829.ref030]\]. In the present study, a considerable number of the genes up-regulated after 12 hours of stimulus by portal serum were related to membrane activity, mainly regarding the transport of substances, both on the cell membrane as well as in internal organelles.

A previous study \[[@pone.0178829.ref031]\] showed that in newly transformed schistosomula, the parasite surface, gut, and sub-tegumental structures all have an increase in phospholipid uptake activity. Furthermore, short chain phosphatidylcholine analogs (C~6~-NBD-PC and C~5~-Bodipy-PC) are taken up internally while a longer chain analog (C~12~-Bodipy-PC) was viewed only on the surface of the parasite, in the gut, and occasionally in the acetabulum, but not in the sub-tegumental location. The Smp_175790.1---*phospholipid-translocating ATPase*, an up-regulated gene, may be involved in the transport of phospholipids across the membrane. Such activity may be related to the well-known role of phospholipid transport in generating or maintaining lipid asymmetry across the phospholipid membrane bilayer \[[@pone.0178829.ref032], [@pone.0178829.ref033]\]. Proteins sharing the same type of activity (ABC transporters) were identified as being potentially involved in schistosome susceptibility or resistance to drug treatment \[[@pone.0178829.ref034]\]. Moreover, these proteins may be involved in host phospholipid acquisition by the parasite into sub-tegumental compartments, which is important in regulating phospholipid biosynthesis and transport, particularly of lipid components on the surface membranes, thereby allowing the parasite to adapt and escape from the host immune system.

The N-glycan synthesis is another transcriptionally active process, as showed by the up regulation of the gene Smp_042790.1---*dolichol phosphate mannosyltransferase*. This enzyme is usually involved in the biosynthesis of the N-glycan core in endoplasmic reticulum (ER) of eukaryotes \[[@pone.0178829.ref035]\]. Evidence that parasite-derived glycans are both bioactive and immunogenic suggests that they play important roles in immunomodulation, as well as in evasion from the host immune response \[[@pone.0178829.ref036]\]. The increase in the activities of phospholipid translocation and N-glycan synthesis after stimulus by portal serum may be a determinant of increased membrane permeability, similar to that observed in the *in vivo* transformed schistosomula of our previous work \[[@pone.0178829.ref037]\]. This may increase the ability of the parasite to evade the immune responses of the host by changing the repertoire of molecules exposed on the external membrane.

Endoplasmic reticulum (ER) {#sec018}
--------------------------

According to our data, the ER-associated protein degradation pathway (ERAD) is enhanced in response to early contact with hamster portal serum. We identified up-regulated genes coding for two subunits of the translocon-associated protein (TRAP) complex: Smp_019060.1---*sec61 beta subunit* and Smp_089000.1---*translocon associated protein subunit delta gene*. Data generated from studies with mammalian cells \[[@pone.0178829.ref038], [@pone.0178829.ref039]\] suggest that gene ortologs of the sec61 complex recruits the TRAP complex. The products of the two genes act together to form a membrane channel associated with the ribosome during co-translational protein translocation. Gene ortologs of Smp_059350.1---*der1 protein*, a Derlin's family protein from mammal, is also implicated in the retro-translocation of protein from ER to cytosol \[[@pone.0178829.ref040], [@pone.0178829.ref041],[@pone.0178829.ref042]\]. Proteins that fail ER quality control after translation are retro-transported to cytosol and finally degraded by ubiquitin-proteasome machinery \[[@pone.0178829.ref043], [@pone.0178829.ref044]\]. Both, yeast and mammalian gene ortologs of Smp_157360.1 E3---*ubiquitin protein ligase synoviolin B* are among the ubiquitin ligases required for ERAD and are members of large protein complexes, which include components active in substrate-recognition, targeting and retrotranslocation. Since this transcript is also up-regulated in schistosomula after portal stimulus, important role of its product in the protein degradation may be suggested, as a previous study has been proposed that this enzyme is involved in formation of retrotranslocation channels \[[@pone.0178829.ref045]\], housing two activities: ubiquitylation and retrotranslocation.

The fact that ERAD is active mainly to degrade newly synthesized proteins that failed ER quality control is aligned with increased activity of translation after portal serum stimulus, as is reinforced by the genes up-regulation of some genes that function in ribosome assembly and also in signal protein recognition. Three genes, Smp_119920.1---*ribosomal protein S16*, Smp_032760.1---*ribosomal protein S11* and Smp_031570.1---*ribosomal protein L18*, are annotated as "structural constituents of ribosome" at the level of molecular function GO, showing that the organelle has the conformational structure to let protein synthesis. Further, the correct addressing of newly synthesized proteins to ER is active once the genes Smp_207010.1---*signal recognition particle 72 kDa subunit* and Smp_024390.2---*microsomal signal peptidase 25 kDa subunit* are up-regulated. The signal recognition particle (SRP) has a pivotal role in targeting secretory proteins to the membrane of the rough endoplasmic reticulum (RER) when assembled with other subunits of the SRP complex, and also interacts with the docking protein of the ER membrane \[[@pone.0178829.ref046]\]. It also may participate in slowing protein synthesis, which facilitates the coupling of protein translation to the translocation process. Signal peptidase is part of a protein complex essential for cleavage of the signal peptides of most of the secretory or membrane proteins as soon as its translocation from the cytoplasmic side to the ER lumen is completed, which ensures the newly-synthesized proteins are correctly addressed \[[@pone.0178829.ref047]\].

Another gene found up-regulated, which is also related to activity within the ER, is Smp_155510.1---*transmembrane protein66*. Although the function of the protein 66 (*TMEM66*) is not well known, it was recently functionally identified as a calcium homeostasis regulator, due to its role in down-regulation of store-operated calcium entry (SOCE), a process of calcium influx that occurs in response to depletion of ion stores in ER \[[@pone.0178829.ref048]\].

Two up-regulated genes with activity on the Golgi apparatus, Smp_167230.1---*golgi resident protein gcp60* and Smp_072950.1---*transmembrane emp24 domain containing protein 4*, suggest that the maintenance of organelle structure is affected by the 12hour stimulus with host portal serum, as is the protein traffic between the ER and the Golgi \[[@pone.0178829.ref049]\]. Additional evidence \[[@pone.0178829.ref050], [@pone.0178829.ref051]\] also suggests that they may be involved in controlling apoptosis in yeast and human.

Taken together, the findings discussed above highlight that after a short stimulus (12 hours) by host portal serum, the activity in ER is enhanced toward protein synthesis. This is likely, in response to external signals, which increase the protein repertoire important for parasite gain of biomass, and its development to the adult worm stage. In addition to protein synthesis, protein degradation also occurs, showing that a turnover of these molecules is also occurring and may be acting as part of the parasites mechanism of scape from the host immune response.

Response to stress {#sec019}
------------------

Components of the portal serum probably cause stress to the parasites, therefore demanding an adaptive response. This is especially true, considering that when a parasite accesses the portal venous system of the host during the course of infection, it finds a new environment where active immune cells represent a challenge to be overcome. Exposure of the parasite exposure to the broad range of molecules present in the blood of the host body portion, like nutrients and metabolites, is still worthy of consideration. The increased expression of the superoxide dismutase Smp_176200.2---*superoxide dismutase Cu-Zn* suggests that the parasite activates its mechanisms in order to prevent damage from oxidative stress. Previous research \[[@pone.0178829.ref052]\] has already shown an increase in transcriptional activity of this gene in the adult worm stage in a gender-associated fashion, as well as strain -gender-associated differential expression \[[@pone.0178829.ref053]\], with the up-regulation of the gene in a Chinese and Philippine strain of female adult worms of *Schistosoma Japonicum*. Taken together, these findings highlight the possible involvement of the enzyme in detoxification of products from hemoglobin digestion in female adult worms as soon as egg laying starts. The gene was also previously shown to be up-regulated in response to oxidative stress in adult worms \[[@pone.0178829.ref054]\].

One constituent of the HSP complex, Smp_097380.1---*heat shock 10 kDa protein 1*, plus one *S*. *japonicum* homolog of the gene Smp_064860.1---*stress induced phosphoprotein 1*, which was predicted to directly interact with proteins from the heat shock complex (HSP) in adult worm tegument \[[@pone.0178829.ref055]\], were up-regulated. Considering the fact that in some instances, the ERAD process discussed above depends on active HSP proteins, we suggest that the unfolded proteins are retro-transported to cytosol and degraded by the proteasome in response to oxidative stress caused by 12 hours of contact with the constituents of the host portal serum.

A peptidase, Smp_040790.1---*peptidyl prolyl cis trans isomerase B*, whose activity was shown to be important for accelerating protein folding/refolding in the rate limiting slow step, by promoting the proline *cis*-*trans* isomerization \[[@pone.0178829.ref056], [@pone.0178829.ref057]\], was up-regulated. This peptidase is similar to cyclophilin proteins, which link to cyclosporine A to develop immunosuppressive action on mammal\[[@pone.0178829.ref058]\]. In other studies, cyclosporine A was shown to protect mouse and rat from schistosome infection \[[@pone.0178829.ref059], [@pone.0178829.ref060], [@pone.0178829.ref061], [@pone.0178829.ref062]\]. Cyclophylin has also been suggested to play an important role in mammalian metabolism, since its production is increased in murine splenocytes 72 hours after mitogenic stimulation \[[@pone.0178829.ref063]\]. Another peptidase was also shown to be up-regulated, the Smp_194090.1---*subfamily S1A unassigned peptidase---S01 family*, however, the product of this gene was recently identified as proteolytically inactive \[[@pone.0178829.ref064]\], since it lacks the serine residue in the catalytic triad---His, Asp and Ser typical of the S1 family \[[@pone.0178829.ref065]\], and so remains unclear.

Signaling {#sec020}
---------

Increase in transcriptional activity in response to host portal stimulus was expected, particularly for some of the genes that are determinants of the signaling that triggers proliferative activity, as previously reported after the same stimulus \[[@pone.0178829.ref007],[@pone.0178829.ref008]\]. One gene for tyrosine kinase receptor (RTK), Smp_011700.1---*proto oncogene tyrosine protein kinase ROS*, was up-regulated, which is included in the family of the vascular endothelial growth factor---VEGF \[[@pone.0178829.ref066], [@pone.0178829.ref067]\], and appears to be an important stimulus of the proliferative activity trigged in the parasite when it is in contact with the portal serum. The importance of this gene is reinforced by the fact of that soluble egg antigen (SEA) causes up-regulation of VEGF, *in vitro*, and is an important factor for the increase in angiogenesis around the granuloma in the liver of a host infected by *S*. *mansoni* \[[@pone.0178829.ref068]\]. Further, the up-regulation of VEGF was also reported in the portal vein of rats in response to injuries caused by partial liver resection, along with other factors acting on liver regeneration \[[@pone.0178829.ref069]\]. Taken together, these findings suggest additional roles for VEGF as a stimulus for the proliferative activity in the parasite body as soon as it reaches the portal vein system of the host, instead of the previous reported action on host angiogenesis. Additional studies are going to be conducted by our group, aiming to determine the importance of the signaling triggered by this receptor during parasite development. Inhibitors of VEGF activity are going to be supplemented in culture media, also in presence of portal serum, and aspects of morphology will be evaluated at selected time periods for as long as possible during culture.

Two genes with signaling regulatory activity when transcription is increased, the Smp_027990.1---*homeobox protein nk2*, a neural development gene activator, and the Smp_157940.1---*nuclear inhibitor of protein phosphatase 1* were up-regulated. The NK2 domain is a highly conserved motif \[[@pone.0178829.ref070]\] that was identified in all vertebrate NK-2 class transcription factors and also in *Drosophila* NK2 transcription factors, and is expressed during the development of the central nervous system \[[@pone.0178829.ref071]\] and pancreas \[[@pone.0178829.ref072]\]. The nuclear inhibitor of protein phosphatase 1 --NIPP1 is included in the family of protein phosphatase 1 --PP1, regulatory proteins \[[@pone.0178829.ref073], [@pone.0178829.ref074]\] and was shown to be essential in spliceosome assembly \[[@pone.0178829.ref075]\]. An ortolog of the mammalian gene, when over-expressed in *Drosophila*, was cell-lethal to several tissues and developmental stages, probably due to its interaction with splicing factors through its highly conserved fork head-associated (FHA) domain \[[@pone.0178829.ref076]\]. Considering the possible importance of this gene to the development of the parasite nervous system, additional experiments will be planned to study its role in parasite maturation.

A protein containing a common protein--protein interaction motif, the Smp_079420.1---*ankyrin repeat domain containing protein 42*, was also found up-regulated after 12 hours of exposure to host portal serum. The ankyrin repeat domain is a 33 amino acid sequence that adopts a helix-loop-helix structure \[[@pone.0178829.ref077]\], which has been found in several proteins with a variety of different functions, comprising cell--cell signaling, transcription and cell cycle regulation, in addition to other cellular processes \[[@pone.0178829.ref078]\]. In schistosome, the ankyrin repeat domain was atypically found in the Casp C protein, a homolog of human caspase-8, and raised questions regarding its possible role in an alternative, still unknown, pathway to apoptosis \[[@pone.0178829.ref077]\].

The genes discussed here may be implicated in signaling regulation of transcription both in earlier activities, through growth factors, and in the final steps of RNA processing, in response to host portal serum stimulus.

Given the importance of signaling to a wide variety of activities in the parasite in response to its diverse environmental conditions during its life cycle, our group has particular interest in developing additional investigations using silencing techniques to explore the true roles in parasite development of the genes highlighted in this session as part of initial studies for the development of new drugs.

Nucleus and nucleotide metabolism {#sec021}
---------------------------------

Nuclear transport of phosphoprotein and RNA was shown to be active in response to portal serum stimulus. One member of the *Mex3* protein (the *muscle excess protein 3* \[[@pone.0178829.ref079]\]) group, the Smp_032280.1---*RNA binding protein MEX3B*, was up-regulated. In nematodes, the activity of Mex3 protein as a translational regulator, which helps maintain multiple morphogenetic potential in early embryonic germ lines, has been well established \[[@pone.0178829.ref080]\]. Human ortologs were characterized as related to RNA-binding phosphoproteins that shuttle between the nucleus and the cytoplasm and, according to their different final sites in the cytoplasm, may participate in mRNA storage, regulation of translation or degradation \[[@pone.0178829.ref081]\]. Furthermore, due to the ability to directly interact with the protein Argonaute, they are thought to be involved in RNA interference and miRNA biosynthesis pathways \[[@pone.0178829.ref082]\]. This last finding is corroborated by the up regulation of another gene with miRNA processing activity, an exportin-like protein, Smp_124820.1---*chromosome region maintenance protein*. Exportin acts on nuclear membrane protein transporting and the transport of different species of RNA to cytosol, and may participate in miRNA biogenesis in response to portal serum stimulus, thereby playing important roles in schistosomula development, as previously suggested \[[@pone.0178829.ref083]\].

The biosynthesis of nucleotides was active in response to portal serum stimulus, as the gene coding to for the main enzyme of the purine *salvage* biosynthesis pathway, Smp_103560.1---*hypoxanthine guanine phosphoribosyltransferase (HGPRT)*, was up-regulated. The importance of the enzyme hypoxanthine phosphoribosyl transferase and also guanine phosphoribosyl transferase in primarily supplying the parasite with guanine is well documented \[[@pone.0178829.ref084], [@pone.0178829.ref085]\], since the parasite does not express enzymes for a *de novo* pathway of purine synthesis \[[@pone.0178829.ref086]\]. This is one more activity reveled by our data that reinforces the role of the portal serum as a stimulus of the proliferative activity of the parasite body, once it reaches the venous portal system of the host.

Miscellaneous {#sec022}
-------------

Some of the genes up-regulated after 12 hours of portal serum stimulus had no well-known function, and must be further studied, such as the *S*. *japonicum* ortolog of the gene Smp_011270.1 sj ts4 protein and an additional five other genes poorly annotated in genome of *S*. *mansoni* (Smp_202980.1 hypothetical protein; Smp_063330.1 hypothetical protein; Smp_024370.1 hypothetical protein; Smp_095400 hypothetical protein; Smp_130260 hypothetical protein; Smp_134570 hypothetical protein).

Conclusions {#sec023}
===========

The importance of portal serum in increasing cell proliferation in *S*. *mansoni* has been previously demonstrated \[[@pone.0178829.ref008],[@pone.0178829.ref009]\], thus it is valuable to elucidate which genes are differentially expressed in the presence of this stimulus. There has been no previous study thoroughly clarifying the pattern of gene expression in the presence of portal serum. However, the presence of erythrocytes and the crossing of natural membrane barriers during infection, as well as the immune cells involved in the host response against parasite infection, were not por of our study, these are features need to be considered in the future.

Taken together, the genes discussed in our work corroborate the hypothesis that the parasite, when in contact with host portal serum for at least 12 hours, activates several different pathways that allow it to finally stimulate the proliferative (transcription and translation) and specification processes, such as stress response, and nervous system and muscle tissue development, important for its development into an adult worm. Our data corroborate the findings of a previous work where schistosomula were cultured in the presence of another intravascular component of the vertebrate host, namely erythrocytes \[[@pone.0178829.ref025]\]. These authors found up-regulation of some genes related to the processes of stress response, as well as cytoskeletal development, suggesting that these processes may work in synergy towards the extensive development of the parasite whenever it comes into contact with the entire composition of the fluid of the portal venous serum. These findings highlight some possible molecular targets for further research aiming to verify their true significance to the development of the parasite.
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